Abstract. To improve the efficiency of iris plant regeneration, we tested the influence of several combinations of Kin and NAA in culture media on the induction of morphogenesis and the subsequent development of plantlets. The highest rates of regeneration (67%) were consistently observed in induction media containing 0.5 µM NAA and either 2.5 or 12.5 µM Kin. Developing medium containing 1.25 µM BA was optimal for high regeneration rates and a high percentage of plantlets simultaneously developing shoots and roots. Rooted plantlets were easily acclimatized and transplanted to various soil mixtures, then grown in the greenhouse. Under optimal conditions as many as 8000 plantlets could be regenerated from 1 g of cells in ≈4 months. Chemical names used: kinetin (Kin); 1-naphthaleneacetic
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The objective of this study was to further improve the efficiency of plant regeneration from suspension-cultured iris cells. We examined several factors that might affect the efficiency of plant regeneration during the induction of morphogenesis and development of plantlets, as well as during the acclimatization and establishment of plantlets in soil under greenhouse conditions.
Materials and Methods
Iris suspension cultures and media. Suspension cultures of Iris germanica 'Skating Party' established from friable calli by Wang et al. (1999) were maintained in MS-L medium (Table 1) in the dark on a gyrating shaker (100 rpm) at 23 °C. They were subcultured every 3 weeks (unless otherwise described) by decanting MS-L medium and transferring the cells into two 250-mL flasks, each containing 75 mL of MS-L medium.
Preparation of suspension cultures for plant regeneration. For regeneration experiments suspension cultures were prepared as described by Wang et al. (1999) . Six-week-old cultures were screened through a 30-mesh stainless sieve. The pass-through fraction containing cell clusters ≤520 µm in diameter was collected in 50-mL tubes and centrifuged at 1000 g n for 10 min in a clinical centrifuge (HN-SII; International Equipment Co., Needham Heights, Mass.). The pelleted cells were weighed and resuspended in a liquid MS-I medium (Table 1) at 0.2 g·mL -1 final density. Effect of Kin and NAA, alone and in combination, in MS-I medium. To induce plant morphogenesis from suspension-cultured cells, 16 different combinations of NAA (0.0, 0.5, 2.5, and 12.5 µM) and Kin (0.0, 2.5, 12.5, and 62.5 µM) were evaluated. A 0.5-mL aliquot of the resuspended cells was inoculated on each 15 × 60-mm plastic plate containing 20 mL MS-I medium with different combinations of Kin and NAA. The cells were spread with a spoon-like spatula to form a uniform layer on the surface of MS-I medium. The plates were sealed with Parafilm ® and incubated in the dark at 25 °C. The number of differentiated clumps was recorded after 5 weeks. The clumps were collected and grouped into four size classes: large (>10 mm), medium (5 to 10 mm), small (2 to 5 mm) and very small (<2 mm).
The regeneration potential of differentiated clumps was assessed by randomly samIris is a winter-hardy, herbaceous perennial consisting of ≈300 species, many of which are popular ornamentals in the temperate regions of the Northern Hemisphere (Kohlein, 1987; Waddick and Zhao, 1992) . Most horticulturally important irises are bearded species and their hybrids are derived from species native to the Near East and Europe (Kohlein, 1987) . In addition to their ornamental value, Iris pallida Lam. and Iris germanica L. contain an essential oil composed partly of irones that can be extracted from rhizomes (Jéhan et al., 1994; Kohlein, 1987) . These violet-scented ketonic compounds are expensive materials commonly used in cosmetics and perfumes (Gozu et al., 1993) .
Iris plants are commonly propagated vegetatively using rhizomes or bulbs (Jéhan et al., 1994; Radojevic′ and Subotic′ , 1992) . This propagation produces a limited number of plants (two to ten plants per rhizome or bulb per year), thus requiring many years to produce commercial quantities of a new variety (Jéhan et al., 1994; Radojevic′ and Subotic′ , 1992) . Because of the allogamous nature of iris and the low rate of seed germination, propagation by seed is inefficient and may lead to segregation of desirable characteristics ·s -1 at 23 °C for 6 weeks. The experiment was repeated three times.
The numbers of regenerating clumps that developed shoots only or plantlets were recorded and expressed as percentages of the total number of regenerating clumps. The effect of BA concentration on growth and development of shoots and plantlets was assessed by measuring the length of the shoots.
Relationship between size and age of differentiated clumps and their regeneration potential. To determine the optimal period to maintain clumps, we inoculated the screened cells onto MS-I medium containing 2.5 µM Kin and 0.5 µM NAA, then incubated them in the dark at 25 °C for 5 weeks. The differentiated clumps were collected and grouped into the four size classes described earlier. The number of clumps in each class was recorded and the clumps were placed back onto the same MS-I medium. They were continuously cultured under the same conditions for another 4 weeks. Changes in size and distribution of differentiated clumps in each size class were recorded weekly. Every week 45 clumps from each class were transferred to Magenta GA-7 vessels (15 clumps per vessel) containing 50 mL MS-D medium with 1.25 µM BA, then incubated under light with a 16-h photoperiod of 50 µmol·m -2 ·s -1 at 23 °C. After 6 weeks, the regeneration potential (%) and the percentage of clumps that developed large shoots (>3 cm long) were recorded for each size class.
Effects of potting substrates and acclimatization conditions on survival and growth of plantlets in the greenhouse. Rooted plantlets were cultured for 6 weeks on MS-R media, then transferred to 1.5-L pots in the greenhouse. The eight substrates tested were: peatmoss; perlite; sandy loam; 1 peatmoss : 1 sandy loam (v/v); 1 peatmoss : 1 perlite ( v/v); 1 perlite : 1 sandy loam (v/v); 1 peatmoss : 1 perlite : 1 sandy loam (by volume); and 1 peatmoss : 1 pumice : 1 sandy loam (by volume). Forty plantlets (eight pots × five plantlets per pot) were tested in each substrate with 20 plantlets per group. One group was maintained on a mist bench, with relative humidity (RH) ≈98% (misting at 1-min intervals). The other group was placed on a non-misted bench with RH ≈60% to 80%, and was watered every other day. The experiment was repeated twice. All plants were fertilized with a controlledrelease fertilizer [Nutricot-Type 100 (16N-4.4P-8.3K); Chisso-Asahi ® , Fertilizer Co. Ltd., Tokyo). The greenhouse was maintained at 16-h days/8-h nights of 25 ± 3 °C/20 ± 3 °C with a 16-h photoperiod. Light supplement was provided by high-pressure sodium lamps (Energy Technics, York, Pa.) to give photosynthetically active radiation of ≈400 to 500 µmol·m -2 ·s -1 . After 6 weeks plants from the mist bench were transferred to the nonmisted bench, and survival was recorded 6 weeks later. The effects of different substrates and acclimatization conditions on plant growth and development were assessed by measuring the fresh weights of plants after 4 months.
The data from all experiments were subjected to analysis of variance (ANOVA) and regression procedures (SAS Institute, 1987) . Kin and NAA, alone and in combination, in MS-I medium . Some white, globular embryo-like structures differentiated from suspension-cultured cells after 2 weeks on MS-I media. By Week 6, all 16 combinations of Kin and NAA had given rise to such structures, but the number of differentiated clumps differed significantly among growth regulator treatments (Fig. 1) . ANOVA revealed that the main effects of Kin and NAA were significant (P ≤ 0.0001), as well as the interaction effect (P ≤ 0.04). The largest numbers of differentiated clumps were obtained from the MS-I medium with 2.5 µM Kin and no NAA and from the MS-I medium without growth regulators. Generally, the lower concentrations of Kin and NAA induced the largest number of differentiated clumps per gram of suspensioncultured cells.
Results

Effects of
Six weeks after differentiated clumps were transferred to MS-D medium containing 1.25 µM BA, the clumps from MS-I media with 0.5 µM NAA and either 2.5 or 12.5 µM Kin showed the highest regeneration potential (67%; Table  2 ). The main effect of NAA, but not of Kin, on regeneration was significant (P ≤ 0.001). However, most regenerating clumps developed plantlets (84% to 100%) irrespective of the NAA/Kin combinations.
The most desirable clumps (those larger than 10 mm) also were derived from the combination of 0.5 µM NAA and either 2.5 or 12.5 µM Kin (data not shown). Clumps representing the size classes are shown in Fig. 2A .
Effect of BA concentration in MS-D medium. The concentration of BA did not have a significant effect on regeneration rate (%) but substantially influenced the development of large shoots from differentiated clumps ( Table  3 ). The highest percentage of regenerating clumps (69%), i.e., differentiated clumps that survived transfer from MS-I to MS-D media and eventually developed shoots and plantlets, was obtained from MS-D medium containing 2.5 µM BA. However, only 55% of the differentiated clumps simultaneously developed both shoots and roots (plantlets) on this medium. The majority of shoots from the MS-D medium containing 2.5 µM BA showed poor rooting or developed no roots at all after transfer to MS-R medium. Apparently, this concentration of BA enhanced shoot development but inhibited rooting (Fig. 2B) . The MS-D medium containing 1.25 µM BA gave a slightly lower regeneration rate (67%) but strongly stimulated simultaneous development of shoots and roots (97%; Fig. 2C ). Subsequently, shoots from the MS-D medium with 0 or 1.25 µM BA readily developed roots on the MS-R medium. In addition, the highest proportion of clumps (82%) that developed large shoots (>3 cm long) was obtained from the MS-D medium with 1.25 µM BA. Generally, the number of regenerated shoots ranged from 15 to 20 shoots/clump (data not shown).
Relationship between size and age of differentiated clumps and their regeneration potential. The changes in the distribution of clumps among the four size classes during prolonged incubation on MS-I media (with 2.5 µM Kin and 0.5 µM NAA) were monitored from Week 6 to Week 9. The proportion of large clumps (>10 mm) increased from 29% to 86% (Fig. 3) . After 6 weeks on MS-I media, the regeneration potentials of the large, medium, small, and very small clumps were 100%, 95%, 91%, and 82%, respectively (Table  4) . During prolonged incubation on MS-I medium, regeneration of the large clumps remained high, while that of the medium, small and very small size clumps decreased sharply. Only 54%, 35%, and 0% of the medium, small and very small clumps, respectively, developed shoots after 9 weeks of incubation. The ability to develop large shoots (>3 cm long) declined during prolonged incubation on MS-I medium, regardless of size (Table 4) . The highest overall regeneration per gram of suspension-cultured cells was always obtained from 6-week-old clumps.
We also characterized the quality of regenerating clumps by the size of shoots developing from different sized clumps after 6 weeks on MS-D medium containing 1.25 µM BA (Fig. 2D-G) . The ability to develop large shoots (>3 cm long) declined with size of the clumps, as did the tendency to simultaneously develop both shoots and roots (Fig. 2D-G) .
Effects of substrate type and acclimatization condition on plant establishment in the greenhouse. Plant survival and growth after transfer from in vitro culture to potting substrates under greenhouse conditions varied among the eight different substrates (P ≤ 0.05; Table 5 ). The substrates composed of peatmoss, perlite, and sandy loam or peatmoss, pumice, and sandy loam promoted the highest plant recovery and plant growth. The effect of misting on plant survival was not significant (P > 0.35).
Discussion
The specific combination of auxin and cytokinin in culture media is one of the most important factors for in vitro plant regeneration of Iris (Gozu et al., 1993; Jéhan et al., 1994; Laublin et al., 1991; Radojevic′ et al., 1987; Radojevic′ and Subotic′ , 1992; Shimizu et al., 1996) . Generally, 2,4-D (2,4-dichlorophenoxyacetic acid) is the most effective auxin for inducing embryogenic calli. Such results were found in regeneration of rice (Oryza sativa L.) plants from cell suspension cultures (Inoue and Maeda, 1980; Ling et al., 1983; Ozawa and Komamine, 1989; Tsukahara and Hirosawa, 1992; Tsukahara et al., 1996) . Carrot (Daucus carota L.) suspension cultures transferred from media containing high concentrations of 2,4-D to media containing low concentrations readily regenerated somatic embryos (Fujimura and Komamine, 1980; Smith and Street, 1974) . However, 2,4-D in liquid medium is essential for suspension cultures to grow continuously, and stimulates formation of proembryogenic or proorganogenic masses. Proembryogenic masses were critical for subsequent regeneration of carrot plants on low or no 2,4-D media (Halperin, 1966) .
Kin has been used extensively in the induction and maintenance of embryogenic callus in Iris (Gozu et al., 1993; Jéhan et al., 1994; Radojevic′ and Subotic′ , 1992; Shimizu et al., 1996 Shimizu et al., , 1997 . Somatic embryogenesis and/or shoot organogenesis are induced when embryogenic calli are transferred to media containing low or no Kin. In the current study, the lower concentration of Kin was most desirable for inducing plant morphogenesis (somatic embryogenesis and shoot organogenesis) from iris suspension-cultured cells. Our results are consistent with those of previous reports. Kawase et al. (1995) concluded that shoot regeneration from perianth-ovary junctions and ovaries of Japanese iris (Iris ensata Thunb.) was strongly affected by BA and NAA in the medium. They found that high concentrations of both BA and NAA inhibited rooting of the upper portions of ovary explants. We observed that the BA concentration did not have a significant effect on percentage regeneration but substantially influenced the development of shoots and plantlets from differentiated clumps. For example, while the MS-D medium with 2.5 µM BA enhanced shoot development, only 55% of regenerating clumps from this medium simultaneously developed shoots and roots (plantlets) ( Table 3) . Furthermore, 2.5 µM BA in the MS-D medium inhibited subsequent rooting on MS-R medium (Fig. 2B) . Although a concentration of 1.25 µM gave somewhat lower regeneration rates (67%) it strongly promoted development of plantlets (97%; Table 3, Fig. 2B ). Shoots from this medium readily rooted after transfer to an MS-R medium.
Based on Wang et al. (1999) and the current study, the optimal conditions for efficient in vitro plant regeneration from suspensioncultured cells of Iris are 1) suspension-cultured cells should be grown in MS-L medium containing 5 µM 2,4-D and 0.5 µM Kin in the dark at 25 °C for 6 weeks; 2) the cells should be passed through a 30-mesh stainless sieve to select cell clusters with diameter ≤520 µm; 3) the screened cells should be inoculated onto MS-I medium containing 2.5 to 12.5 µM Kin and 0.0 to 0.5 µM NAA, then cultured in the dark at 25 °C for 6 weeks; 4) the differentiated clumps should be transferred to MS-D medium containing 1.25 µM BA and incubated under light (50 µmol·m -2 ·s -1 ) at 23 °C for 6 weeks; 5) well-developed shoots and plantlets should be transferred to MS-R medium for root initiation and development; and 6) the rooted plantlets should then be transplanted to the greenhouse in a substrate containing 1 peatmoss : 1 pumice : 1 sandy loam (by volume) .
Under these conditions, ≈8000 plantlets [≈400 differentiated clumps/g cells × 15 to 20 shoots/clump] can be regenerated from 1 g of iris suspension-cultured cells in ≈4 months. The efficiency of this regeneration protocol is about twice that reported by Wang et al. (1999) ; about four times as high as that reported by Shimizu et al. (1997) .
An efficient in vitro plant regeneration system is generally considered a prerequisite for genetic transformation, a novel approach for improving the characteristics of existing cultivars. Currently, we are using the system described above to develop a transformation protocol for Iris. This in turn will offer an attractive means for improvement of iris cultivars by introducing desirable traits into already proven cultivars. The system may also have application for large-scale propagation of newly developed cultivars. With an efficient plant regeneration system in place, the number of plants can be increased rapidly, thus shortening the time needed until new cultivars can be marketed. Size classes: Large (>10 mm), medium (5 to 10 mm), small (2 to 5 mm), very small (<2 mm). y Shoots >3 cm long.
NS, *** Nonsignificant or significant at P ≤ 0.001, respectively. 
